Urban impervious surface in the form of rooftops, street pavement, parking lots, etc. is an important contributor to water pollution, urban heat island, flash floods and other environmental degradations. While studies on the extent of impervious surface are common in advanced countries, few have been carried out in developing countries. This paper discusses a study on the nature of impervious surface coverage in a southern city in Malaysia. The study focuses on impervious surface in several residential areas, looking at the relationship between impervious surface and housing density as well as the source of the surface. Remote sensing images combined with some GIS techniques were employed for this purpose. The percentage o[ impervious surface measured ranged from 40-95%, well above the values indicated from similar studies overseas. Whi le density was a factor in the amount of impervious surface, it was not the on ly factor. Other factors such as policies on impervious surface control were also important as illustrated by comparison of the results of this study to similar studies reported in the USA. Based on these findings, the paper offers several steps towards reduction of impervious sw'face in residential areas.
INTRODUCTION
Any material covering the ground that prevents infiltration of water into the soi l can be classified as an impervious surface (Arnold & Gibbons 1996) . While it is not a single homogeneous quantity, w he n impervious surface is used as a landscape indicator it is typicall y presented as a percentage of the land that is covered with impervious materials. The word imperviousness is a lso regularl y used to refer to the extent of this percentage. Imperv ious surfaces come in different types such as paved surfaces (roads, parking lots, s idewalks, etc.) and building rooftops that fall unambiguously under th e definition of impervious surface. Yet there are a lso traditi onally perv ious surfaces, man-made and natura l, that a re so heavil y compacted that they become functiona ll y impervious. Examples of these are compacted soil in construction areas, dirt roads, bedrock o utcrops and, even to a certain extent, grass turf in our reside ntial a reas. Th is paper, however, focuses on the earlier category of impe rvious surfaces, i.e. paved surfaces and building rooftops .
It is a fact th at urba nisation carries w ith it a series of environme nta l concerns such as wa te r and air pollution as wel l as increase in te mpera ture and occurrence of flash fl oods. O n many occasions have these been linked to the extent of impervious surface, an indicator that defi nes urbani sation. As development a lters the natural landscape, the percentage of land covered by impe rvious surface also alters, i.e. it increases. Increase in urban im pervious surface has been identified by many studies as an important contributor to a host of urban proble ms including water pollution, urban heat isla nd, fl as h fl oods and other environmenta l degrada tions (Hammer 1972; Booth 199 1; Schue ler 1994; A rno ld & G ibbons 1996) .
While studies on the extent of impe rvious surface are commo n in advanced countTies, only a few have been carried out in developing countries . Lacking e mpirica l local values, guide lines or manuals requiring the use of im pervious surface estimate simply adopts values from overseas such as the case of Manua l Sa liran Mesra Alam or MS MA adopting values from A ustralia (MSMA 201 2). T he justification for such action comes into question g iven our different approach towards development. In view of that, this pape r discusses a study on the nature of impervious surface coverage in Johor Bah ru, Malaysia. The study focu ses on impervious surface in several reside ntia l a reas, looking at the relationshi p between impervi ous surface and housing density as well as the PLANNING MALAYSIA Geosparial Analysis in Urban P/a1111i11g source of the surface. Remote sensing images combined with GIS techn iques were employed for this purpose.
IMPERVIOUS SURF ACE IN HOUSING AREAS
There have been very few studies (if any) on the amount of impervious surface per unit urban area in Malaysia, even though impervious surface has been recognised as an important indicator of urbanisation and its associated impact on the environment. The parameters concerning impervious surface that have been adopted for local uses, in runoff estimation for example, are those from developed countries such as Australia and the USA. One example of empirical values obtained from overseas is those reported by the Soil Conservation Services (SCS) in the USA listed in Table 1 . The validity of such values for usage in Malaysia is however questionable due to several factors. Our more compact housing areas would in theory lead to higher percentage of impervious surface per unit area. The maximum density of single-family hous ing in Malaysia which can reach up to 30 units per acre, for example, is much more than the maximum depicted in the table. Other factors such as building design, street standards, and subdivision regulations are also different from those in the USA and would definitely influence the amount of impervious surface. Thus, it has been long overdue that we know exactly the extent of our impervious surface and its relationship to urbanisation. The relationships between the characteristics of housing areas, patiicularly density and design, and the amount of impervious surface have been studied extensively in developed countries (see Majid 2005; Stone Jr. 2004; Capeilla & Brown 200 I ) . Majid (2005) , for instance, showed that the amount of impervious surface was correlated to density and design in a non-linear manner In addition to dens ity, the design of housing layout also plays an important role in determining the amount of impervious surface. In the same study, Majid (2005) also reported that conventional layouts (where the whole development parcelled out into individual housing lots) resulted in higher imperv iousness than cluster layouts (conservation layouts that leave some open space for conservation). The difference in impe rviousness level between the two layout types is shown in Figure J while Figure 2 highlights the many adva ntages of a cluster layout over a conventional one. T hough ori gina lly promoted for conservation of critical ope n spaces, cluster layouts have lately been promoted mo re as an a lternative design to reduce impe rviousness (Arno ld & G ibbons I 996; Schueler 1996; Arendt 1996) . 
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Depending on lot size and the road network, Schueler (1996) claims that cluster development can potentially reduce site imperviousness by as much as 10-50%. In density-neutral provision for cluster development, a developer is sti ll committed to the total units as in conventional development but has the flexibility to place them in a way that is more responsive to the physical characteristics of the site. In spite of more open space, density is maintai ned by allowing smaller lots than the conventional developments. Smaller lot size that results in narrower and shallower Jots also helps reduce the lineal length of streets and total length of driveways. Clustering lots closer together also results in shorter roads. • Cluster housing layout as practised in the United States (Figure 2 ), however, is rare in Malaysia. Without specific regulations requiring it, housing developers in Malaysia are more content to turn the whole development into housing or commercial lots, leaving only l 0% of the area for open space as required by law. Even for the conventional layouts, there are still vast differences between housing layouts in Malaysia and those in developed
Esti111atio11 of Reside111ial Impervious Swface u~·ing CIS Tech nique countri es. Different street designs, for example, mi ght contribute to the difference in the overa ll impervious surface amount. In addition to that, a peculi ar Malaysian penchant for paved compound around their houses, that is to a certain extent encouraged by lack of specific regulations concerning impervious surface limits, does also contribute to the amo unt of impervious surface.
REMOTE SENSING AN D QUANTIFICATION OF IM PERVIOUS SURFACE
Remote sensing is a method which records the information of an object or a phenomenon on earth surface fro m afar by using electromagnetic wave. It is usually do ne th rough image interpretation gained from afar by using the satellite or aircraft. Most remote sensing image interpretation now uses satell ite images of various brands and resolution due to low cost and high resolution. Some of the currently popular images in accorda nce to resolution are A VHRR (low resoluti on), Landsat TM and SPOT (medium resolution), and IKONOS as well as Quickbird (high reso lution).
The study of the relationshi p between impervious surface and land use has long begun since l 970's in the field of urban hydro logy (Brabec et al. 2002) . According to Brabec et al.(2002) , the total size of impervious surface can be measured through four methods; I) identifying impervious surface in the aerial photo and made measurements by using pl animeter (exampl e Stafford et al. I 974; Graham et al. 1974) ; 2) by placing grids on the aerial photo and count the number of squares covered by Impervious surface and other land uses (example: Gluck and McCuen 1975; Hammer 1972; Ragan & Jackson 1975) ; 3) using the method of remote sensing image classification (example: Ragan and Jackson 1975) ; 4) corresponding the percentage of urbanisation rate with the percentage of impervious surface (example: Morisawa & LaFlure 1979) . Several studies also show that there is a significant difference between the re lationshi p of impervious surface percentage and demographi c factors including popu lation density, househo ld size and number of j ob opportu nities (Stankowski 1972; Graham et al. 1974; Gluck & McCuen 1975) . However, these stud ies depend solely on the study areas chosen, and are unsui ta ble to be implemented for all urban areas.
The earl y mapp ing of impervious surface by using remote sensing images has begun by interpreti ng visual aerial photos but this method is complicated and time consuming when a large area is involved. Besides, the
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manual method is subject to a high tendency of human error, even by skilled personnel. The aerial photos are also taken on different dates and scales, which need further rectification, digitation and time consuming interpretation. The establishment of Landsat Multispectral Sensor Satellite in year 1972 has provided the digital satellite image world with full view of the earth surface. By us ing these images, exclusive computer programs and impervious surface measurement through spectral analysis method begin to produce outputs comparable to that of the manual method -w ithin a sho11er time (Ragan & Jackson 1975 ).
Compared to aerial photo, remote sensing images covers a larger area and produce a more consistent output -which can also be used in GIS. After the classification procedure has been determined for a certain image, all the remaining images shall be classified using the same procedure in a shorter amount of time, as compared to the manual method. Other special attribute of remote sensing image is that is has spectral wires which resembles various types of land cover spectral reflectance. For instance, the Landsat TM Image has six (6) spectral w ires, comparing to coloured aerial photos -which only have three (3), and black and white aerial photos -which only have one (1).
The weakness of remote sensing image is its large pixel size for certain cheap images; Landsat TM with 30m x 30m pixel, for instance. However, there are expensive sma ll pixel images such as IKONOS ( 4m x 4m for multispectral, Im x 1 m for panchromatic), Qui ckbird (2 .4m x 2 .4m for multi spectral, 60cm x 60cm for panchromatic), Geoeye-1 ( l.65m x 1.65m for colour and 0.4 lm x 0.4lm for black & white) and Worldview-2 (0.46m x 0.46m for panchromatic images). Large sum of monetary cost would be required if used on a wide area by using these high resolution images because it implicates a large number of images to be produced. For the current study, Quickbird Image shall be employed for the area of Johor Bahru Tengah Municipality (MPJBT) and Kulai Jaya Municipality (MPKJ).
The earlier method of impervious surface measurement using spectral information from remote sens ing images are classification method and other clustering, thresholding and modelling methods (see Wu and Murray 2002; Rashed et al. 2003) . The outputs are usually presented in the form of maps which shows the existence of impervious surfaces in certain pixels. Forster ( 1985) reminded about the inaccuracy of this method due to the large pixel size in representing a land use or, it is impossible for a whole area to be covered w ith impervious surface, and vice versa. However, this statement was done based on the pixel size of Landsat TM image, which is known to be large (30m
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x 30m). The c urrent high resolution satellite images such as IKONOS and Quickbird wi ll produce a more accurate output by using the same method. The c urre nt methods are used for the purpose of improving this weakness by combining machine learning algorithms and spectral mi xture analysis to get impervious surface at the sub-pixel levels. This method is more accurate and has been proven by Flanagan & Civco (2001) (2003) and Yang et al. (2003) . Based on the early visual checks, it shows that the content of impervious surface in the study is high. Hence, the current s tudy shall employ th e method of classifi cation based on pixel; not sub-pixel for the purpose of impervious surface measurement. The hi gh content of impe rv ious surface and high resolution images used has been predicted to be able to provide accurate information on the real conte nt of impe rvious surface in a certain housing area.
ESTIMATION OF IMPERVIOUS SU RFACE AREA
Motivated by the lack of specific in fo rmation on the a mount of impervious surface in urban housing areas in Malaysia and the desire to compare this a mount to those reported by studies carried out in other countries, the authors set out the study with the fo llow ing objectives: I) to quantify the amount of impervious surface in urban hous ing areas in Malaysia us ing remote sensing images (Qu ickbird images); 2) to establish the relationship between the amount of impervious surface as the dependent vari able and density of housing as the explanatory or independent variable; and 3) to compare the extent of reside ntial imperviousness in Malaysia to those in other countries.
T he study was carried out th ro ugh the fo llowing four steps:
Step I: Identifyi ng reside nti al areas with different de nsities to measure the total s ize of impervious surface; S tep 2: Processing Quickbird Satelli te Images by integrating various re mote sensing techniques wi th G IS in order to calculate the total s ize of impervious surface;
Step 3: Generating a regression model, w hic h is able to forecast the total size of impervious surface based on the densities of the residential areas; a nd
Step 4: Recommending policies and p lan ning guide lines w hich are able to minimize the total size of impervious surface. T he fol lowing section in trod uces the study area a nd discusses the detail ed steps in volved.
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Since the study was to investigate the percentage of impervious surface in housing areas, its unit of analysis was urban housing areas located in two municipalities in the southern part of Johor. The two municipalities were Johor Bahru Tengah Muni cipal ity and Kulai Jaya Municipality. Johor Bahru Tengah Municipality covers an area of 339 km 2 with a population of roughly 525,35 1 w hile Ku lai Jaya Municipal ity has a population of 130,000 within an area of 747 km 2 • A total of 11 housing areas were random ly selected for the study and Figure 3 below shows their locations. The housing areas come in vari ous s izes from as small as a few hundred acres to as large as close to a thousand acres. The age of the housing areas varies from as old as 30 years (Taman Jaya, Taman Aman) to as young as less than I 0 years (Taman Pulai Emas, Taman Pulai Jaya). The gross density of each housing area too varies but what is of interest here is the density of each housing type which would in the end determine the amount of impervious surface. 
Data and Image Processing
The study used two fo rms of raw data, i.e. Qu ickBird 0.6m remote sensing images of the study area and digital layout plans delineating the housing lots and boundaries of the housing areas. A ll of the processing work was done on ERDAS Imagine and ArcGIS 9.2. Pre-processing of the satellite images using a geometric correctio n technique was first carried out on the images before they could be used. Rectification of the satellite images to the local coordinates, Rectified Skewed Orthomorphic (RSO) coordinates, was carried out with the help of a GPS receiver for collection of ground control points within the study area.
T he fo llowing stage involved classification of the images in order to distinguish impervious surfaces from previous o nes. The classification process in volved both unsupervised a nd supervised classifications. The resul ts of the classification process were classified images that had on ly two types of land surfaces, i.e. impervious and pervious surfaces. The classified raster images were then converted into vector format in ArcG IS 9.2 for quantification of the amount of im pervious surface. In order to do this, the vectorised c lassified images were overlaid with the digital layout plan before the images for each of the 11 housing areas were clipped out. Figure 4 shows one s uch housing area with the impervious a nd pervious surfaces classi fi ed. 
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The trend of urban housing development in Malaysia is that each housing area or estate would have a mi xture of houses built in zones differentiated by house types. Thus, in a housing estate one would normally find bungalows in a zone separated from semi-detached (semi-D or duplex) houses which are in their own zone separated from terraced (linked) houses and so on. In order to capture the whole range of housing densities, the study made use of these existing housing categories for sampling of house groups to calculate the amount of impervious surface. Figures 5 shows typical house types in Malaysian housing estates. A total of 28 hous ing samples from the selected housing estates were randomly chosen fo r analysis. For each of these housing samples, the percentage of impervious surface was computed using zonal s ummary technique of ArcGIS 9.2.
.. 
RESULTS AND DISCUSSIONS
The ensuing di scussion wi ll highlight the relationship between degree of imperviousness and housing density. Before looking into the relationship between the two vari ables, however, it is appropriate that we look at the basic statistics of the variables col lected in the study a reas. T his will give us an overview of the characteristics of the housing areas studied, especially those concerning intensity of development and impervious surface.
For the three housing types that are the subj ect of this study, Table 2 gives the detai ls of their densities. In general , densities of the houses cover quite a range from as low as 3 units per acre for bungalows to as high as 30 units per acre for li nked houses. These densities seem to double from one type to another of higher dens ity. The mean density of linked houses, for example, is twice that of the semi-detached houses which itself is about twice the mean density of the bungalows. Overall , it is evident that housing densities in Malaysia are much higher than those in the developed countries where previous studies on impervious surface had been carried out (see Stone 2004; Maj id 2005 ; Capeilla M. Rafee Majid, Jamal Aimi Ja111aludin & Wan Yusryza/ Wan Ibrahim Estimation of Residential Impervious Su1face using GIS Technique & Brown 2001) . Bungalows and semi -detached in the USA, for instance, are built in densities of 2-3 and 4-6 units per acre respectively. It is difficult to find the density of linked houses in the USA as thi s type of housing is not popular there.
T bi 2 S a e tat1 st1cs o fd ens1ty a n d' Tabl e 2.0 also includes the stati stical summary of the percentage of impervious surface for each housing type. They range from as low as 40% for bungalows to as high as 99% for linked houses. As expected, the higher the density the more the impervious surface. The linked houses have the highest impervious surface percentage that ranges from the minimum of 61 % to the maximum of almost I 00%, with the mean of 88%. G iven the density of this kind of housing that can go up to 30 single-family units per acre, the high percentage of impervious surface is expected. What is not expected is the high perce ntage of impervious surface for the bungalows. At the mean density of 6 units per acre, the mean impervious surface percentage of these bungalow areas are at 69% which exactly doubles the impervious surface percentage of American bungalows at the same density (See Figure I) .
A mo ng the factors that contribute to the higher percentage of impervious surface in Malaysia are the road des ign standards that a ll ow for excess ive pavement, the practice of converting green compo unds into paved ones by some house owners and of course, s ince we are comparing to overseas planning regulations, lack of regulations in Malaysia that set the limits on the percentage of impe rvious surface. Of the two major components of imperviou s surface studied, rooftops made up on average 70% of the total amount of impervious surface while road pavement made up 25%. T he remaining 5% consisted of driveways, footpath , etc. The results of the study show that impe rvious surface is directly correlated to density. This confirms the trend observed overseas. What is more important in this study is the fact that the amount of impe rvious surface in our housing areas is relatively too high. Too high that it causes a lot of environmental problems previo usly alluded to in the beginning of the pape r. T he amount of impervious surface calculated, 40-90%, cannot sustain any form of li ves in the streams as studies by various researche rs (Schueler & C laytor 1997; Booth 1991 ; Booth & Jackson 1997) have shown that watershed with impervious surface between 20-60% will ki ll the stream.
CONCLUSIONS
Reducing the amo unt of impervious surface wo uld be easy if onl y the authority were determined enough to do so. There are several ways to achieving lower imperv ious surface. Among them are: I) imposing a limit on the percentage of impervious surface per subdi visional lots or per development; 2) reviewing of existing road standards that are outdated and ve ry generous on pave mentskinny streets are now the trend; 3) encouragi ng more cluste r development and vertical de nsity -the two types of deve lopme nt that wou ld have any chance of conserving the environme ntall y sens itive areas w hile bei ng neutral on density (Richards, Anderson a nd Santore 2003); 4) regulating renovation of the houses -renovation that increases the amount of impervious surface w ithin a lot should be tightly regulated ; and 5) more usage o f porous materials fo r pavement or inte rlocking blocks that encourage water infiltration . There are of course numerous other steps to e ither reduce the amount of impervious surface or to reduce the impact of impe rv ious surface.
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